We have demonstrated a scheme to realize the generation of frequencysextupled signals with low phase noise (PN). The structure is based on a multimode optoelectronic oscillator (OEO) and two cascaded Mach-Zehnder modulators (MZMs). A drive source signal is modulated by the MZM1, which is biased at the minimum transmission point (MITP); the generated first-order sidebands are injected into the multimode OEO, which is contributed by the MZM2, the single-mode fiber, the photodetector, and the amplifier. The third-order sidebands are generated by the MZM2, which is also biased at the MITP. The modulated signal is then divided into reflection components and transmission components by a fiber Bragg grating (FBG). The reflection components, including the firstorder sidebands, are sent to the photodetector and fed back to the MZM2 to form an optoelectronic hybrid loop. The transmission components, including the third-order sidebands, are heterodyned by another photodetector to generate a frequency-sextupled signal. Compared with the drive signal, the generated signal has a lower PN due to the selection of the oscillation mode. In the experiment, a frequency-sextupled signal from 15 to 24 GHz is generated by a drive signal, which is tuned from 2.5 to 4 GHz. The PN of the generated signal at 24 GHz is −103.6 dBc/Hz@10 kHz; 14.6 dB PN reduction is realized.
Introduction
As an important part of the radio-over-fiber system, the generation of microwave source in the optical domain has been intensively studied all over the world [1] - [5] . Compared with the electrical approaches, photonic microwave generation offers many advantages, such as ultra-high bandwidth, small size structure and very low propagation loss. A traditional method to generate microwave source is using Mach-Zehnder Modulator (MZM) to achieve frequency multiplication. The basic element may be cascaded MZMs or dual-parallel MZM. Circuit designs for frequency multiplication by quadrupled [6] - [10] ; sextupled [3] - [5] , [11] ; octupled [1] , [2] , [4] , [12] - [14] ; and greater factors [3] , [4] , [10] , [13] , [15] - [20] have been reported. However, compared with the drive source signal, the phase-noise (PN) of the generation frequency multiplication signal has a worse performance which can't meet our demand for high-frequency microwave signal with lower PN [4] , [9] , [11] , [14] .
Meanwhile, the optoelectronic oscillator (OEO) provides a solution to generate high-frequency and low PN microwave signals [21] - [23] . An OEO is an optoelectronic hybrid loop where the long fiber provides high Q-factor, and numerous techniques have been proposed to reduce the phase noise [24] - [29] , and to improve the frequency stability of the OEO signal [30] - [32] . In recent years, OEOs have already been applied in many fields, such as optical clock recovery [33] , [34] ; generation and transmission of optical frequency comb or optical pulsed data [35] - [37] ; optical frequency stability measurement [38] ; refractive index measurement [39] ; arbitrary microwave waveform generation [40] , [41] ; and microwave-photonics application [42] .
In this paper, we demonstrate a kind of photonic low PN frequency-sextupled signal generation structure based on two cascaded MZMs and a multimode OEO. The cascaded MZMs are designed for frequency multiplication, and the OEO loop is introduced to maintain low PN of the generated frequency multiplication signal. A drive source signal is modulated on the optical signal by the first MZM, controlling the bias voltage, it is worked at the minimum transmission point (MITP), the even-order sidebands are suppressed and the odd-order sidebands are generated. The generated odd-order sidebands are sent into the multimode OEO loop. The other MZM, single-mode-fiber (SMF), photo-detector (PD) and low-noise-amplifier (LNA) constitute the multimode OEO loop. Controlling the bias voltage of the second MZM, it is also worked at MITP, third-order sidebands are realized. The generated sidebands are divided into reflection components and transmission components by a fiber Bragg grating (FBG). The reflection components, including the first-order sidebands, are sent to the PD2 and fed back to the second MZM to form the optoelectronic hybrid loop. The transmission components, including the third-order sidebands, are heterodyned by the other PD (PD1) to generate a frequency-sextupled microwave signal. The generated signal has a better PN performance due to the selection of the oscillation mode. Compared to the 4 GHz drive source signal, the PN of the generated signal at 24 GHz has 14.6 dB reduction at 10 kHz frequency offset.
Principle
The experimental setup of the frequency sextupled based on a multimode OEO and two cascaded MZMs is shown in Fig. 1 . It basically contributed by laser diode (LD), two polarization controllers (PCs), two cascaded MZMs, SMF, two Erbium-doped optical fiber amplifiers (EDFAs), optical circulator, FBG, phase shifter (PS), tunable microwave attenuator (TMA), two PDs, and three electrical amplifiers. The MZM2 is introduced in the structures of cascaded MZMs and OEO loop at the same time. The LNA is designed to offer an adequate gain power for the optoelectronic hybrid loop. An optical circulator and FBG are used to separate the 1st-order from 3rd-order sidebands. The output electrical and optical signals are measured by electrical spectrum analyzer (ESA) and optical spectrum analyzer (OSA).
The field at the input of the MZM1 is given by E laser ðt Þ ¼ E 0 cosðj! 0 t Þ, the output field of MZM can be expressed in the Bessel function as
where E 0 and ! 0 are the amplitude and the angular frequencies, and ! m are, respectively, the initial phase and the angular frequencies of the drive source signal, is the phase difference which is generated by the bias of the MZM, is the phase modulation index (PMI), it is equal to V =2V , V , and V are, respectively, the amplitude of the drive source signal and the half-wave voltages for the MZM. In (1), if the phase difference is equal to , the MZM would be worked at the MITP, the even-order sidebands and optical carrier are obviously suppressed. If PMI is small enough, the higher-order sidebands generated by MZM could be ignored, only the first-order sidebands are considered. The output field from the MZM1 can be given by
where 1 and 1 are, respectively, the PMI and the initial phase. With the MZM2, the structures of cascaded MZMs and the OEO loop have been connected. The generated first-order sidebands are then sent into the multimode OEO loop to realize frequency multiplication with this connection. The MZM2 is also biased at the MITP, the drive signal of MZM2 is generated by PD2, and its angular frequency is 2! m . The field E MZM2 ðt Þ at the output of MZM2 can be expressed as
Here, the third-order sidebands are presented after the cascaded MZMs, all the generated sidebands have the same amplitude which is shown in Fig. 1 . It can be considered as a 4-line optical frequency comb (OFC). The output signal of the MZM2 [see (3) ] is then sent into the FBG via the optical circulator. The first-order sidebands in (3) are located in the reflection bandwidth of the FBG, while the third-order sidebands are located inside the transmission bandwidth of the FBG. Therefore, the optical fields of the reflection and transmission-signals can be respectively expressed as
where r , t are the reflection and transmission-coefficients of the FBG, and the reflected signal in (4a) is heterodyned by PD2. Ignoring high-order harmonics and DC current, the recovered signal can be expressed as
where 2 is the responsibility of PD2, and the generated signal is amplified by the LNA and fed back to MZM2. If the oscillation loop gain is larger than the loss, the multimode oscillation loop can be regard as a Fabry-Pérot resonator [21] . The power-spectral density (PSD) of the oscillation mode can be written as [21] 
where f 0 is the offset frequency from the oscillation mode, is the loop delay-time, is the noise-to-signal ratio of the oscillation mode, and its typical value is 10 −16 /Hz. As can be seen in (6), the PSD of the oscillation mode is nearly a Lorenz function. Its full width at half-maximum (FWHM) can be, respectively, expressed as
In (6), if the loop delay is 100 ns, the resulting FWHM is about submilli-Hertz [21] . It can be known from [43] that, if the phase fluctuation is much less than unity, the PSD can be regard as the sideband PN. Therefore, the PN of the OEO mode is inversely proportional to the square of loop-delay time, the generated microwave signal of the multimode OEO has lower PN.
The recovered frequency-doubled signal in (5) is injected into the multimode OEO with the structures of MZM2 and PD2. The OEO mode closest in frequency to the recovered frequencydoubled signal locks the injected signal, and due to the destructive interference, the other modes are preferably suppressed. According to the electrical injection-locked theory [44] , the PN of the output signal would be improved by the multimode optoelectronic hybrid resonator. Now, we analyze the outside of the optoelectronic hybrid loop. The transmission signal from the output of the FBG is optically amplified by the EDFA2 and then converted into a microwave signal by PD1. The recovered microwave signal from PD1 is written as
As can be seen in (8), a microwave signal with frequency sextupled is realized by this scheme.
Experiment
An experiment setup for frequency-sextupled as shown in Fig. 1 is performed. The cascaded MZMs have a 3 dB bandwidth of 12 GHz. A multimode OEO loop was realized with 2 km singlemode-fiber. The PD1 and PD2 have a 3 dB bandwidth of 33 GHz and 20 GHz. The LNA provides about 25 dB power gain, and the noise figure is less than 5 dB. The tunable phase range of the PS is larger than 360
. The FBG has a center wavelength of 1551.59 nm, its 3 dB spectral width is about 0.1 nm. The optical spectrum is measured by Finisar 1500s with a resolution of 0.01 nm. To measure the electrical spectrum and PN performance, R&S FSV30 electrical spectrum analyzer is introduced.
Controlling the bias voltage of the MZM1 and MZM2, the cascaded MZMs are all worked at MITP. The optical spectrum at the outputs of the MZM1, the EDFA1, and the EDFA2 are shown in Fig. 2 , respectively. Fig. 2(a) -(c) are measured with 2.5 GHz drive source signal. Fig. 2(d)-(f) are measured with 4 GHz drive source signal. From Fig. 2(a) and (d), we can see that only the first-order sidebands is generated in the optical spectrum, and other sidebands and optical carrier are significantly suppressed. Fig. 2(b) and (e) show the optical spectra of the signal after the EDFA1. As the cascaded MZMs are all biased at the MITP, the spectral symmetry becomes a 4-line OFC, the optical sideband suppression ratio is about 22 dB. Fig. 2(c) and (f) show the spectrum at the output of the EDFA2, thanks to the FBG, the first-order sidebands are preferably suppressed, only the third-order sidebands are kept.
The first-order sidebands are sent to the multimode OEO loop with MZM2. A frequency recovered signal is generated by the PD2. The OEO mode which is the closest in frequency to the injected signal locks the recovered signal. The frequency-doubled signal is selected by the high Q-factor comb which is generated by the long fiber in the OEO loop. The spectra of frequencydoubled signal which are measured with different span and resolution bandwidth are shown in Fig. 3 . Fig. 3(a) and (c) are measured with 2.5 GHz drive source signal. Fig. 3(b) and (d) are measured with 4 GHz drive source signal. Fig. 3(a) and (c) show the spectrum of the generated frequency-doubled signal with the frequency span of 30 GHz. In Fig. 3(a) , the power of the 5 GHz signal is about 46.9 dB greater than the power of the 2.5 GHz; similarly, in Fig. 3(c) , the power of the 8 GHz signal is approximately 42.6 dB greater than the power of the 4 GHz. The electrical spectra of the single-mode microwave signal are shown in Fig. 3(b) and (d) . The powers of the frequency-doubled signals are all above 56 dB greater than of second largest constituent part. The generated 4-line OFC is sent to the FBG via an optical circulator. The transmission signal from the output of the FBG is optically amplified by the EDFA2, and then converted into a frequency-sextupled signal by PD1. The spectra of the generated frequency-sextupled signal which are measured with different span and resolution bandwidth are shown in Fig. 4 . Fig. 4(a) and (c) show the spectrum of the generated frequency-sextupled signal with the frequency span of 30 GHz. In Fig. 4(a) , the power of the generated 15 GHz signal is about 19.3 dB greater than that of the 5 GHz, in Fig. 4(c) , the power of the frequency-sextupled 24 GHz signal is about 16.5 dB greater than that of the 8 GHz. Fig. 4(b) and (d) are the magnified electrical spectra of the single-mode microwave signal. The powers of the frequency-sextupled signals are all above 57 dB greater than the second largest constituent part.
To evaluate the improvement of the PN performance, we measure the PN of the 24 GHz frequency-sextupled signal and 8 GHz frequency-doubled signal with the ESA. As a comparison, the PN of drive source signal at 4 GHz is also measured and plotted in Fig. 5 .
The PN of the generated 24 GHz frequency-sextupled signal is −103.6 dBc/Hz@10 kHz. Compared with the 4 GHz drive signal, about 14.6 dB PN reduction is realized, at the same time, the PN performance of the 8 GHz frequency-doubled signal also has 18 dB reduction. It should be noted that the phase noise contains many side mode peaks in Fig. 5 . In one respect, with the electrical injection-locked theory that we have introduced in this paper, these side mode peaks are partly generated by the side modes which the RF drive source signal carries; on the other hand, the PN of the generated frequency multiplication signal is close to the background phase noise of the ESA that we used (−110 dBc/Hz@10 kHz) [45] , the PN performance would be also affected by the performance of the ESA, so the actual PN performance of the generated frequency multiplication signal might be better than the data in Fig. 5 .
Conclusion
In this paper, we demonstrate a structure to optically generate low PN signal with frequency sextupled. By using of two cascaded MZMs and a multimode OEO, a low PN frequency-sextupled microwave signal was generated. Compared to the 4 GHz drive signal, the PN of the generated 24 GHz frequency-sextupled signal has 14.6 dB reduction at 10 kHz frequency offset. With low cost and simple structure, frequency-sextupled signal with lower PN is realized. It has the perfect performances for the potential applications of navigation, communications, radar, and measurements.
